Introduction
============

Percutaneous coronary interventions using stents are the most widely used techniques for the treatment of coronary arterial disease, and 15-20% of treated coronary lesions involve bifurcation.[@B1][@B2] Clinical trials designed to evaluate treatment options for coronary bifurcated lesions with multiple stents have failed to prove the benefit of systematic 2-stenting techniques,[@B3][@B4] and study results for dedicated bifurcation stents are still forthcoming, although they appear promising.[@B5][@B6] As such, side-branch (SB) intervention remains the most common strategy to treat coronary bifurcated lesions.

Local hemodynamics, including low or oscillatory shear stress, are known to be associated with cellular proliferation, inflammation and thrombosis.[@B7] Coronary atheromatous plaques and neointimal hyperplasia following coronary intervention tend to form in coronary artery bifurcation, where normal blood flow patterns are disturbed.[@B8][@B9] Altered coronary vascular geometry and associated blood flow hemodynamic disturbances occurring after stent implantation have been reported as possible restenosis mechanisms.[@B10][@B11] However, there exist a few reports on the impact of commonly used provisional SB intervention techniques on local blood flow hemodynamics. Computational fluid dynamics (CFD) is an advanced simulation technique that analyzes hemodynamic data, and is well suited for this purpose.

The aim of in this study was to conduct CFD analysis to evaluate local hemodynamic alterations following main branch (MB) stenting and/or subsequent SB angioplasty by using representative computational models.

Materials and Methods
=====================

Computational domains for 8 models of bifurcated lesions were constructed using a commercial numerical package (FLUENT 6.2, Fluent Inc., NH, USA) for the investigation of hemodynamics (pressure, velocity, and WSS profiles) around coronary bifurcation. MB and SB configurations were derived by Finet\'s law with a fractal ratio of 0.678.[@B12] The angle of MB and SB was assumed to be 45°, to represent the most prevalent site of bifurcated lesion between the left anterior descending coronary artery and the first diagonal branch.[@B13][@B14] The geometry of stenosis generated was based on an ellipse, with aspect ratio defined as the length of the lesion to the diameter of the lesion. By applying symmetrical condition to the yz-plane shown in [Fig. 1](#F1){ref-type="fig"}, we solved the governing equations (continuity and momentum) of steady-state fluid flow. To consider myocardial physiology, micro-vessels were assumed to be porous media that mimicked pressure drop from arterial pressure to venous pressure (10 mmHg).[@B15] As a boundary condition, the inlet pressure of the MB was defined as 110 mmHg, and a venous pressure of 10 mmHg was applied to the outlet of the micro-vessels. The rheological property of blood was assumed to be Newtonian fluid, with a density of 1,060 kg/m^3^ and viscosity of 0.004 Pa·s ([Fig. 1](#F1){ref-type="fig"}).

The models used in this study are illustrated in [Fig. 2](#F2){ref-type="fig"}. Model A is a normal bifurcation model, and models B to F are post-MB stenting models. [Fig. 2B and C](#F2){ref-type="fig"} show post-MB stenting models with native ostial SB lesions due to circular plaques with 75% diameter stenosis and lesion lengths of 1 and 2 cm. [Fig. 2D and F](#F2){ref-type="fig"} illustrate the post-MB stenting models with non-ostial SB lesions of 1 and 2 cm lesion lengths. Model F represents ostial stenosis mainly due to carina shift with 75% diameter stenosis and 50% area stenosis.[@B16] [Fig. 2G and F](#F2){ref-type="fig"} illustrate the post-kissing models. In [Fig. 2G](#F2){ref-type="fig"}, the SB ostium does not have residual stenosis, and in [Fig. 2H](#F2){ref-type="fig"}, the SB ostium has a 50% residual stenosis.

The pressure profiles were calculated by CFD simulation for assessment of pressure drop after the bifurcation. The fractional flow reserve (FFR) is a quantitative physiologic parameter representing the fraction of maximal myocardial flow.[@B17][@B18] In practice, FFR can be obtained by calculating the ratio of distal coronary pressure to proximal aortic pressure.[@B17]-[@B20] In this study, FFR was defined as the ratio of the pressure 1 cm distal to the SB from the site of bifurcation to the pressure 1 cm proximal to the MB. Coronary flow velocity and WSS were calculated by CFD simulations as qualitative coronary flow parameters.

Results
=======

Static pressure profiles are shown in [Fig. 3](#F3){ref-type="fig"}. In the normal bifurcation model, there was no pressure drop in the bifurcation ([Fig. 3A](#F3){ref-type="fig"}). Models with 75% diameter stenosis due to circular plaques exhibited significant pressure drop across the stenoses ([Fig. 3B-E](#F3){ref-type="fig"}). Larger pressure drops were observed in non-ostial SB stenotic lesions than in ostial SB lesions, even in those with the same extent of luminal stenosis. Moreover, the impact of lesion length on pressure drop was much less in ostial lesions than in non-ostial lesions. In contrast to circular stenotic models, the carina shift model revealed no significant pressure drop, despite 75% diameter stenosis.

Flow velocity profiles and WSS distributions of each bifurcation model are shown in [Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}. [Fig. 4A](#F4){ref-type="fig"} shows a typical pattern of velocity distribution in a bifurcating vasculature. Velocity profiles in the normal bifurcation model are skewed toward the carina, resulting in higher velocity along the medial side walls (yellow and red) and lower velocity along the lateral side walls (green and blue). Post-stenting models with SB ostial stenosis (model B and C) introduced a more heterogeneous velocity distribution in MB and SB. In the SB, high velocity jet was created in the lateral walls, and low velocity flow was created along the medial sidewalls. In the distal MB, low velocity flow became more profound due to over-expansion caused by stent implantation. In the post-kissing ballooning angioplasty model without residual stenosis (model G), the SB velocity profile was similar to that of the normal bifurcation model. However, low velocity flow was demonstrated in both proximal and distal over-expanded segments.

Images of WSS profiles in the 8-CFD models are shown in [Fig. 5](#F5){ref-type="fig"}, and areas of low WSS, defined as WSS less than 4 Pa, are described in [Table 1](#T1){ref-type="table"}. The total area of low WSS was minimal in the normal bifurcation model (green and blue areas in [Fig. 5A](#F5){ref-type="fig"}, 8.02 mm^2^, 1.8%). In post-stenting bifurcation models with ostial SB stenosis ([Fig. 5B and C](#F5){ref-type="fig"}), the total area of low WSS was increased, particularly at the MB lateral wall and SB medial wall, with values of 119.4 mm^2^ (26.6%) and 108.6 mm^2^ (24.8%), respectively. Post-stenting models with non-ostial SB stenosis exhibited low WSS areas in the SB ostial region before SB stenosis, and at the MB lateral wall. In models with SB stenosis ([Fig. 5B-E](#F5){ref-type="fig"}), low WSS areas were pronounced in the SB. In the carina shift model ([Fig. 5F](#F5){ref-type="fig"}), the total area of low WSS was smaller than that of other SB stenosis models (39.3 mm^2^, 8.6%). Total area of low WSS in the post-kissing models was smaller than that of the SB stenosis models, but larger than that of the normal bifurcation model: 56.8 mm^2^ (12.4%) in model G and 92.7 mm^2^ (20.5%) in model H.

Discussion
==========

Coronary bifurcation lesion remains one of the most challenging lesions to manage in the field of percutaneous coronary intervention.[@B5][@B21]-[@B24] The reported restenosis and target vessel revascularization rates are still high.[@B25][@B26] Provisional SB angioplasty and/or restenting after MB stenting are the most common strategies to treat bifurcation lesions,[@B27] but this technique may alter vascular geometry and local hemodynamic profiles. Low or abnormal WSS is reported to be associated with atherosclerosis progression.[@B8]

In this study, we evaluated the hemodynamic profiles in terms of pressure, velocity, and WSS in various representative bifurcation models by using CFD simulation. The representative bifurcation lesion models used in this study included a normal bifurcation, 5 post-MB stenting models, and 2 post-kissing balloon angioplasty models. We thought that these models represent situations commonly encountered during percutaneous interventions of coronary bifurcation lesions.

In post-MB stenting models, the carina shift model (Model F) revealed relatively small pressure drop, although this lesion exhibited similar angiographic stenosis as other post-MB stenting models with SB stenosis (Models B to E). This finding can be explained by the fact that the carina shift model had a larger lumen area than native atherosclerotic plaque models, as previously reported by Koo et al.[@B16] Interestingly, this study revealed different pressure drop patterns by lesion location. When the lesion length was doubled, the pressure drop was more prominent in non-ostial SB lesions than in ostial lesions ([Fig. 3D and E](#F3){ref-type="fig"}). This finding implies that a lesion\'s functional significance is influenced by its morphology, which cannot be fully assessed by quantitative coronary angiographic parameters. Thus, SB lesion location should be regarded as a determinant of functional significance.

The distribution of flow velocity and WSS was similar to that reported previously.[@B28] However, this study included more types of bifurcation lesion models that simulated diverse clinical situations. In our study, 3 different types of SB lesions (native ostial or non-ostial SB lesions and ostial SB lesion caused by carina shift) were evaluated. In all models, low WSS areas were mainly located in an over-expanded segment of distal MB. Thus, when a natural bifurcation vascular geometry was altered by MB stenting, additional intervention for SB stenosis did not improve local hemodynamic derangement. Therefore, avoidance of over-expansion and performance of proximal optimization may be required to minimize local flow disturbances.

This study has limitations. First, the inlet condition applied in this study was static pressure flow. However, the result of CFD simulation in this study was similar to that reported previously using pulsatile flow models.[@B28] Second, the models used in this study were simplified and not patient-specific. This problem can be solved in the near future by incorporating computed tomographic findings into CFD simulations.

In our study, the area of low WSS was minimal in the carina shift model. This finding suggests that additional intervention for functionally insignificant jailed SB lesions caused by carina shift may worsen local hemodynamic conditions and clinical outcomes. This result may partially explain why kissing ballooning to SB did not improve, or alternatively, may have even worsened the outcomes of recent clinical trials.[@B29][@B30]
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![Bifurcation lesion modeling with computational fluid dynamics. A normal bifurcation model was created using Finet\'s law and a typical bifurcation angle. As the boundary condition, inlet pressure of the main branche was defined as 110 mmHg, and venous pressure of 10 mmHg was applied to the outlet of the micro-vessels. To consider the physiology of the myocardium, micro-vessels were assumed as porous media that mimicked the pressure drop from arterial pressure to venous pressure (10 mmHg). The rheological property of blood was assumed as Newtonian fluid with a density of 1,060 kg/m^3^ and viscosity of 0.004 Pa·s.](kcj-41-91-g001){#F1}

![Representative computational fluid dynamics models. A: normal bifurcation. B and C: post-MB stenting models with various SB stenoses. F: post-MB stenting model with carina shift. G and H: post-kissing balloon angioplasty models with or without SB residual stenosis. MB: main branch, SB: side branch.](kcj-41-91-g002){#F2}

![Static pressure profiles in the 8-computational bifurcation models. There was no significant pressure drop in the normal bifurcation model (A). The post-MB stenting models are shown in (B) to (E). Post-MB stenting models with native ostial (B and C) and, non-ostial (D and E) SB stenosis revealed significant pressure drops in the SB. Regarding the carina shift model (F), the pressure drop was lower than those in the native SB stenosis models (B-E). After the kissing ballooning in the SB lesion, the pressure of SB was restored to the level of the distal MB pressure (G). Regarding residual stenosis after kissing ballooning (H), the pressure of SB was higher than that in the models with post-stenting SB lesions (B-E). ^\*^FFR is defined as the ratio of P~SB~/P~MB~. FFR: fractional flow reserve, MB: main branch, SB: side branch.](kcj-41-91-g003){#F3}

![Velocity profiles in computational bifurcation models. Velocity patterns in the bifurcation site were typical in the normal bifurcation model (A). Velocity profiles were skewed toward the carina, resulting in high velocity along the medial walls (yellow and red) and low velocity along the outer lateral walls (green and blue). In post-MB stenting models with significant SB stenosis, high velocity jet flows were observed at the site of stenosis, and low velocity areas were located in the lateral MB walls and medial SB walls (B-F). In post-kissing models (G and H), the low velocity area in SB was smaller than that in post-MB stenting models, but a larger low velocity area in the MB lateral wall was still observed relative to the area in the normal bifurcation model. MB: main branch, SB: side branch.](kcj-41-91-g004){#F4}

![Wall shear stresses in the 8-computational bifurcation models. In the normal bifurcation model (A), a small low WSS area was observed along the lateral side walls (green and blue). In post-MB stenting models with significant SB stenosis (B-E), low WSS areas were observed in the SB and lateral side MB wall. Low WSS areas in the lateral side MB were also more exaggerated in the post-kissing balloon angioplasty models (G and H) and carina shift model (F). MB: main branch, SB: side branch, WSS: wall shear stress.](kcj-41-91-g005){#F5}
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Area of low WSS (\<4 Pa) in the 8-computational bifurcation models
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^\*^Percentage area of low WSS (\<4 Pa) in the total vessel area of the model. MB: main branch, SB: side-branch
